Introduction {#S0001}
============

Liver cancer, usually known as "king of cancer", is one of the most common malignant tumors in the clinic. The incidence of liver cancer is the fifth-highest among malignant tumors, and the mortality rate ranks second worldwide in 2018.[@CIT0001] Hepatocellular carcinoma (HCC) accounts for about 90% of all cases of primary liver cancer.[@CIT0002] In most cases, patients cannot be diagnosed at an early stage due to the lack of obvious symptoms and accurate diagnostic methods. Surgical resection and non-surgical treatments, e.g. locoregional therapies, were once the main methods in treating cases with advanced HCC; however, the five-year survival rate of patients remained poor as a result of the high recurrence rate or metastasis rate.[@CIT0003] In recent years, molecular-targeted drugs, such as sorafenib,[@CIT0004] have been widely used in the treatment of advanced HCC. However, the therapeutic efficacy is unsatisfying because the survival extension is less than 3 months, and is accompanied by serious side effects.[@CIT0005] Thus, the development of early detection methods and other effective targeted drugs would bring new breakthroughs in the treatment of hepatocellular carcinoma.

Aptamers are short single-strand DNA or RNA oligonucleotides that can specifically bind to a target, such as a metal ion, antibiotic, protein, or cell, with high affinity and stability. Aptamers are selected from a random oligonucleotide library in vitro by a technique named Systematic Evolution of Ligands by Exponential enrichment (SELEX).[@CIT0006],[@CIT0007] Cell-SELEX,[@CIT0008] which is based on SELEX, utilizes the whole cell as targets during the process of aptamer selection. With cell-SELEX, aptamers can be isolated without prior knowledge of the cancer-specific biomarker, thus making it possible to discover more potential biomarkers and cancer-specific aptamers for cancer cells.[@CIT0009]--[@CIT0013] Compared with conventional antibodies, aptamers are more easily synthesized and modified, with higher stability and reproducibility in different batches, and their lower immunogenicity[@CIT0014] gives them great potential in the recognition of cancer cells[@CIT0015]--[@CIT0018] and specific delivery of anticancer drugs.[@CIT0019]--[@CIT0021]

To date, several aptamers have been developed against human-derived hepatocellular cell lines, for example, HepG~2~,[@CIT0011],[@CIT0016],[@CIT0022]--[@CIT0025] HCCLM9,[@CIT0026] and LH86[@CIT0027] were verified to recognize their targets specifically in vitro. Some other aptamers were applied to conjugate with anticancer drug doxorubicin (Dox) or oligonucleotides for targeting therapy as delivery agents.[@CIT0023],[@CIT0028],[@CIT0029] To sum up, cell line HepG~2~ has been widely used as the target cell during the selection, verification, and application of aptamers in vitro. However, according to the American Tissue Culture Collection (ATCC), the poor tumorigenicity of HepG~2~ in nude mice greatly limits its application in experiments in vivo. By contrast, cell line SMMC-7721, derived from a 50-year-old Chinese male, has been increasingly used as a model to study hepatocellular carcinoma in vivo due to the high xenotransplantation.[@CIT0030]--[@CIT0032] Given that, we applied HepG~2~ and SMMC-7721 as double targets of the positive selection during cell-SELEX in order to develop an aptamer targeting a wide range of hepatocellular cell lines that would be well applied both in vitro and in vivo. In addition, a counter-selection was applied by using the normal hepatocyte, L02, as a negative control to isolate aptamer binding to target cells but no control cells.

We also prepared an integrated ssDNA (Apt-07S-ASO-Plk1) with a 20 nt anti-sense oligonucleotide (ASODN) directed against gene Plk1. Plk1, polo-like kinase 1, is a cell-proliferation associated gene which is usually overexpressed in cancer cells, while ASODNs are short oligonucleotides that can lead to gene silencing by the RNase H pathway. Thus, the uptake of ASODNs against Plk1 (ASO-Plk1) may lead to growth inhibition of cancer cells.[@CIT0033] We connected ASO-Plk1 with the selected aptamer Apt-07S to make an integrated ssDNA (Apt-07S-ASO-Plk1). Compared with ASO-Plk1, increasing the inhibitory rate of Apt-07S-ASO-Plk1 to HepG~2~ might indicate the potential of Apt-07S in the delivery of anticancer drugs into cancer cells.

Materials and Methods {#S0002}
=====================

Cell Lines and Reagents {#S0002-S2001}
-----------------------

Ten human-derived cell lines were used in this study: HepG~2~ (hepatocellular carcinoma), MCF-7 (breast carcinoma), H460 (large cell lung carcinoma), MGC-803 (gastric carcinoma), SW480 (colon adenocarcinoma), HCC-LM3 (hepatocellular carcinoma), Huh.7 (hepatocellular carcinoma), SMMC-7721 (hepatocellular carcinoma), L02 (normal hepatocytes), and HBL-100 (normal breast cell line incorporated with SV40 virus gene). Four cell lines (HepG~2~, MCF-7, H460, and MGC-803) were provided by the American Type of Culture Collection (ATCC). SW480, Huh.7, SMMC-7721, L02, and HBL100 were provided by Shanghai Cell Bank of the Chinese Academy of Sciences. HCC-LM3 was provided by the China Center for Type Culture Collection in Wuhan. All these cell lines were cultured in Dulbecco's modified Eagle's medium with high glucose (H-DMEM, Gibco) supplemented with 10% fetal bovine serum (FBS, Gibco), 100 units/mL penicillin and 100 μg/mL streptomycin. All cells were incubated in an incubator at 37°C with 5% CO~2~ atmosphere.

HepG~2~ and SMMC-7721 cells were both selected as positive target cells and were used alternately every three rounds. L-02 cells were used as negative control cells from the 4th round. Dulbecco's phosphate-buffered saline (PBS, Gibco) supplemented with 1 mM MgCl~2~ was used as washing buffer before or after the incubation. During the SELEX, 0.1 μg/μL yeast tRNA (ytRNA, Sigma), and 0.1 μg/μL salmon sperm DNA (wDNA, Sigma) were added into the washing buffer to reduce the background binding.

SELEX Library and Primers {#S0002-S2002}
-------------------------

The initial library and primers were synthesized by Sangon Biotech (Shanghai, China), and the sequences were as follows:

Gp30: 5ʹ-GCAATGGTACGGTACTGTC (30N) AATCAGTGCACGCTACTTTGCTAA-3ʹ

Plong-1 tgtc (Forward primer 1): 5ʹ -GCAATGGTACGGTACTGTC-3ʹ

P11-tgatt (Reverse primer 1): 5ʹ-TTAGCAAAGTAGCGTGCACTGATT-3ʹ

Pstemloop-tgatt (Reverse primer 2): 5ʹ-GCTAAGCGGGTGGGACTTCCTAGTCCCACCCGCTTAGCAAAGTAGCGTGCACTGATT-3ʹ.

FAM- Plong-1 tgtc (Forward primer 2): 5ʹ-FAM-GCAATGGTACGGTACTGTC-3ʹ

The initial library Gp30 consists of a random sequence of 30 nucleotides in the middle and a fixed sequence at both ends. Plong-1 tgtc and Pstemloop-tgatt were used for the amplification of the single-stranded DNA (ssDNA) library by unequal length strand PCR.[@CIT0034] Primer Plong-1 tgtc and P11-tgatt were used to obtain the double-stranded deoxyribonucleic acid (dsDNA) for monoclonal sequencing. FAM-labeled Plong-1 tgtc was used to prepare FAM-labeled ssDNA library, which was used to monitor the enrichment of the ssDNA library.

SELEX Procedure {#S0002-S2003}
---------------

Approximately 6000 target cells (HepG~2~ or SMMC-7721 cells, alternatively used every two rounds) were inoculated into 96-well plates and cultured overnight. The cells were washed twice before the incubation with the library. The library (2000 pmol for the initial round, 200 pmol for the second round, and decreasing for subsequent rounds) was dissolved in washing buffer, denatured at 95°C for 5 min and rapidly cooled on ice for 5 min, then ytRNA and wDNA were added into the buffer. The final incubation system consisted of a 1×PBS--1 mM MgCl~2~--0.1 μg/μL ytRNA--0.1 μg/μL wDNA--X pmol ssDNA library. After incubation for 30 min at 4°C, the cells were gently washed with washing buffer 3 times (gradually increased in subsequent rounds, from 3 to 5 times) to remove unbound ssDNA. Then, the cells with bound ssDNA were eluted by double-distilled water (DDW) at 95°C. The eluent was heated at 95°C for 10 min to inactivate the DNase, and then used as templates to amplify the bound ssDNA by unequal length strand PCR with primer Plong-1 tgtc and Pstemloop-tgatt. The amplification and purification of the ssDNA were carried out based on the protocol developed by Li.[@CIT0034] Part of the purified ssDNA was input into SELEX as a subsequent library.

A counter selection was applied by the introduction of the negative control cell, L-02. From the 4th round, the subsequent library was firstly incubated with L-02 cells for 30 min at 4°C, followed by the supernatant collected and incubated with target cells.

The entire selection procedure would not be shut off until the ssDNA library was enriched. After several rounds of selection, the enriched library was then amplified into dsDNA with Plong-1 tgtc and P11-tgatt and cloned into a pMD-18T vector for monoclonal sequencing. The clones were sequenced by Sangon Biotech (Beijing, People\'s Republic of China). The secondary structure was plotted with RNA structure software (Version 6.2) and the structural homology was analyzed by MEME online software ([<http://meme.sdsc.edu/meme/cgi-bin/meme.cgi>]{.ul}). Several candidate aptamers were selected based on the structure analysis, and then synthesized and labeled with FAM at 5ʹ end (Sangon Biotech, Shanghai, China).

Flow Cytometric Analysis {#S0002-S2004}
------------------------

A flow cytometric assay was applied to monitor the enrichment of the ssDNA library or determine the specificity and the binding affinity of the candidate aptamers.

All the cell lines used in this study were adherent cells, and trypsin was used to detach cells. The suspended cells were washed with the washing buffer and counted. FAM-labeled ssDNA library (50 pmol) or FAM-labeled candidate aptamer (100 pmol) was then incubated with 1--3×10^5^ cells in a total volume of 200 μL at 4°C for 30 min. The cells were washed gently twice with the washing buffer. The fluorescence intensity on the cells was determined with a flow cytometer (BD Bioscience, San Jose, CA, USA) by counting 40,000 events. The FAM-labeled initial library Gp30 was used as a control.

The fluorescence intensity for the best candidate aptamer was the strongest during the cell-binding assay toward the target cells, and the binding affinity (Kd value) was evaluated by the equation Y=B~max~X/(K~d~+X) using the software GraphPad Prism 6.0. Several other human carcinoma cell lines or normal cells were subjected to the binding assay to determine the specificity of the best candidate aptamer in this study.

Confocal Imaging {#S0002-S2005}
----------------

Confocal imaging was carried out with an LSM710 confocal microscope (Zeiss, Jena, Germany) to observe the binding position of FAM-labeled aptamers on the cells. FAM-labeled aptamers were incubated with target cells (HepG~2~ and SMMC-7721) and negative cell L02, respectively, at a concentration of 250 nM for 30 min at 4°C. The cells were then gently washed twice with washing buffer (1×PBS, 1 mM MgCl~2~). After that, 4ʹ,6-diamidino-2-phenylindole (DAPI) was input into the buffer, and incubated for 10--30 min for the nucleus stain. Before the observation, five washes were necessary to remove the uncombined DAPI and reduce the background. All the incubation and washing operations should be performed in the dark to avoid fluorescence quenching.

Analysis of Cell-Growth Inhibition Rate in vitro {#S0002-S2006}
------------------------------------------------

A 20nt ASODN (5ʹ-CCCAGCCTTCCAGCTCCTTG-3ʹ) that specifically blocked the Plk1 gene was connected to the 3ʹ end of aptamer Apt-07S. An additional two bases, g and a, were added between Apt-07S and ASODN-Plk1 to ensure the integrity of the secondary structure of Apt-07S. The three ssDNAs were modified with phosphorothioate to confer nuclease resistance and, therefore, enhance intracellular stability. The integrated ssDNA (Apt-07S-ASO-Plk1) was incubated with the two target cells or control cell in 96-well plates at serial concentration gradient for 24 h. Then, a cell counting kit-8 (Vazyme, Nanjing, China) was used for the analysis of cell proliferation.

Analysis of Western Blotting {#S0002-S2007}
----------------------------

To identify whether there was a change in the expression of Protein Plk1 in cell line HepG~2~ and SMMC-7721 treated with the integrated ssDNA (Apt-07S-ASO-Plk1), Western blotting was carried out. After incubation with the integrated ssDNA (Apt-07S-ASO-Plk1) for 24 h at a concentration of 20 μM, cells were washed 2 times and the whole-cell protein sample was then extracted, quantified with the standards, and prepared by boiling in 0.1% SDS for 5 min. Total protein (100 μg) was separated by applying sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinyl dine difluoride (PVDF). A block was performed by 5% non-fat milk, followed by the incubation with an antibody against PLK1 (dilution 1:500), and horseradish peroxidase (HRP) conjugated goat anti-rabbit IgG (dilution 1:1000). The antibodies were purchased from Abcam (England). Most of the reagents and facilities used during the process of sample preparation and SDS-PAGE were purchased from Bio-rad (America) and Solarbio (Beijing, China). The protein PLK1 was finally detected on the FUSION FX7 Spectra system (Viber, France).

Statistical Analysis {#S0002-S2008}
--------------------

All experiments were repeated at least three times for each group. All values are expressed as means±SEM. Two-way ANOVA analysis was applied to test whether there were significant differences in cell viability among the groups treated differently at a series of concentration gradients. All histograms were drawn using GraphPad Prism 6.0.

Results {#S0003}
=======

The Enrichment of the ssDNA Library {#S0003-S2001}
-----------------------------------

Flow cytometric analysis was applied to monitor the enrichment of the ssDNA library. The initial Gp30 library was directly labeled with FAM during the synthesis, and was chosen as the control. Several FAM-labeled subsequent ssDNA libraries (8th, 11th, and 14th rounds) were prepared with FAM-labeled primer Plong-1 tgtc and Stem loop primer Pstemloop-tgatt by unequal length strand PCR during the SELEX. It was observed that there was a gradual fluorescence intensity increase on the target cell HepG~2~ as the selection proceeded, but the same phenomenon was not observed in the negative cell L02 ([Figure 1](#F0001){ref-type="fig"}). The results indicated that the ssDNA library with high binding affinity had already enriched at the 14th round. Figure 1Monitoring the enrichment of the ssDNA library by applying flow cytometry. (**A**) Fluorescence intensity analysis of the libraries binding to the target cell HepG~2~. (**B**) Fluorescenece intensity analysis of the libraries binding to the control cell L02. FAM-labeled Gp30 and ssDNA library (8th, 11th, and 14th rounds) were, respectively, incubated with target cell HepG~2~ and counter cell L02, the final concentration of each input ssDNA library was 250 nM. The fluorescence intensity indicated the cell-binding ability of ssDNA libraries.

Selection of Candidate Aptamers {#S0003-S2002}
-------------------------------

The enriched library was amplified into dsDNA and cloned to obtain monoclonal sequences; 100 random clones were finally sequenced and analyzed. There were four sequences that were repeated several times, Apt-31S (33nt, 5 times), Apt-07S (47nt, 3 times), Apt-8 (73nt, 3 times), and Apt-37S (31nt, 2 times). Five other sequences were selected based on the structure analysis and homology. In total, nine candidate aptamers were selected as candidate aptamers. Details of all nine candidate aptamers are shown in [Table 1](#T0001){ref-type="table"}.Table 1The Sequences of Nine Candidate AptamersNameSequence (5ʹ to 3ʹ)Length (nt)Apt-02GCAATGGTACGGTACTGTCGAGATTGGAGGCACGCGTACTACGGGTTTGAATCAGTGCACGCTACTTTGCTAA73Apt-04GCAATGGTACGGTACTGTCCGGGGCGTATCTTGGCATTAATCAGTGCACGCTACTTTGCTAA62Apt-07SGTACTGTCAATTGGAAGTGGTGTTACGTTGTGTAGTCAAATCAGTGC47Apt-08GCAATGGTACGGTACTGTCGGGCTTGGGCGTCTTGTAGTCGTGGCTTTCAATCAGTGCACGCTACTTTGCTAA73Apt-09SGGTACTGTCTATGGGAGATTAGACAAACGGATGGTGTTCAATCAGTGCACGCTACT56Apt-15GCAATGGTACGGTACTGTCACCATGTGGGCGTTTGTAAATCAGTGCACGCTACTTTGCTAA61Apt-31SGTCCGTATGCTTGATGTGACGTCACGGACGAGG33Apt-32SGTACTGTCCGGATTCAGGTTCATCCCTTTTCCCGCAGAAATCAGTGC47Apt-37STGTTCAGCTCTAGGAGCTCACGCTCAGCTCA31

Primary Screening of Candidate Aptamers {#S0003-S2003}
---------------------------------------

All the nine candidate aptamers and Gp30 (the initial library) were labeled directly with FAM during the synthesis. Flow cytometry was first applied to determine the cell binding ability of candidate aptamers to HepG~2~, one of the two target cells, which was a primary screening for the candidate aptamers. It is shown in [Figure 2A](#F0002){ref-type="fig"} and [B](#F0002){ref-type="fig"} that the fluorescence intensity of Apt-07S and Apt-37S was the highest among the candidate aptamers; thus, they were promoted for further verification. Aptamer Apt-02, Apt-04, and Apt-08 did not perform well in the cell-binding assay for the insignificant increase in fluorescence intensity compared with Gp30. Additionally, there was no indication that the other three aptamers, Apt-09S, Apt-15, and Apt-32S, had stronger cell-binding ability to HepG~2~ than Gp30. Unexpectedly, aptamer Apt-31S with a high frequency in monoclonal sequencing showed far lower binding ability to the target cell than the initial library, which is worth further discussion.Figure 2Primary screening of candidate aptamers based on their cell-binding abilities to HepG~2~ cells by applying flow cytometrics. (**A,B**) Fluorescence intensity analysis of the candidate aptamers binding to the target cell HepG~2~. (**C,D**) Fluorescene intensity analysis of the candidate aptamers binding to the control cell L02. Gp30 was FAM labeled initial library used as a control here. Approximately 3×10^5^ HepG~2~ cells were stained with candidate aptamers; the final concentration of each input aptamer was 500 nM.

Specificity and Binding Affinity of the Selected Aptamers {#S0003-S2004}
---------------------------------------------------------

Again, flow cytometry was employed to verify the specificity of aptamer Apt-07S and Apt-37S. As shown in [Table 2](#T0002){ref-type="table"} and [[Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=244149.docx)]{.ul}, it was observed that aptamer Apt-37S showed cell-binding ability to the subtotal tested cell lines, not just to HepG~2~, implying poor cell specificity. By contrast, aptamer Apt-07S could specifically recognize two target cells (HepG~2~ and SMMC-7721) but not negative cell L02, and showed certain binding ability to two other kinds of hepatocellular carcinoma cells, HCC-LM3 and Huh.7. In addition, it barely recognized the other three kinds of carcinoma cells, including MCF-7, H460, and SW480, and normal breast cell line HBL-100, indicating that aptamer Apt-07S may possess a high selectivity targeting hepatocellular carcinoma cells without interfering with normal cells. A serial concentration gradient was applied to analyze the cell-binding affinity of aptamer Apt-07S to the two target cell lines, HepG~2~ (Kd= 194.7±69.8 nM) and SMMC-7721 (Kd= 224.2±60.4 nM). [Figure 3](#F0003){ref-type="fig"} clearly shows the specificity and affinity of aptamer Apt-07S to the target cancer cells.Table 2Cell-Binding Abilities to Ten Kinds of Cancer Cell Lines and Normal CellsCell LineCancer TypeApt-07SApt-37SHepG~2~Hepatocellular carcinoma (target cell)+++\*++SMMC-7721Hepatocellular carcinoma (target cell)++++L02Normal hepatocytes (control cell)\--HCC-LM3Hepatocellular carcinoma+++Huh.7Hepatocellular carcinoma+-MCF-7Breast carcinoma-++SW480Colon adenocarcinoma-+HBL-100normal breast cell line (incorporated with SV40 virus gene)-+H460Large cell lung carcinoma-+MGC-803Gastric carcinoma++[^2] Figure 3The specificity and binding affinity of aptamer Apt-07S. (**A**) Aptamer Apt-07S could specifically recognize two target cells (HepG~2~ and SMMC-7721) but not negative cell L02. (**B**) Binding curves of aptamer Apt-07S to two target hepatocellular carcinoma cells, HepG~2~ and SMMC-7721.

FAM-labeled initial library Gp30 was used as a negative control in confocal imaging observation. There was obvious fluorescence on HepG~2~ and SMMC-7721 cells when incubated with Apt-07S, while L02 cells displayed the opposite. By contrast, no fluorescence was observed on cells incubated with Gp30 ([Figure 4](#F0004){ref-type="fig"}). Consequently, the confocal imaging further confirmed the specificity of aptamer Apt-07S. Moreover, it was observed that FAM-labeled Apt-07S distributed both on the cell surface and in the cytoplasm of target cells, implying that Apt-07S could specifically recognize the target cells and may be a potential vehicle molecule in the delivery of anticancer drugs into the cancer cells.Figure 4The binding position of aptamer Apt-07S displayed by confocal imaging. Cell nuclei were stained by DAPI (blue) and Apt-07S was labeled with FAM (green). It was shown that Apt-07S distributed both on the cell surface and in the cytoplasm of target cells.

The Potential Use of Apt-07S in Delivery of Anticancer Drugs {#S0003-S2005}
------------------------------------------------------------

The secondary structures of Apt-07S and integrated ssDNA (Apt-07S-ASODN-Plk1) were predicted and plotted by RNA structure (version 6.2) software ([Figure 5A](#F0005){ref-type="fig"} and [B](#F0005){ref-type="fig"}). Cell-growth inhibition rate analysis was applied to investigate two problems: whether aptamer Apt-07S was toxic to HepG~2~ and SMMC-7721 cells and whether Apt-07S could increase the inhibitory effect of ASODN-Plk1 on target cells. It is clearly shown in [Figure 5C](#F0005){ref-type="fig"} and [D](#F0005){ref-type="fig"} that Apt-07S was toxic to HepG~2~ (above 10 μM, \**P*\<0.05) and SMMC-7721 (above 20 μM, \**P*\<0.05), indicating that it may be used as an anticancer drug with further modification. Compared with ASODN-Plk1, the inhibition of the integrated ssDNA (Apt-07S-ASO-Plk1) to HepG~2~ and SMMC-7721 cells was far more effective than ASODN-Plk1 (●●, *P*\<0.01). It has also been shown that the integrated ssDNA (Apt-07S-ASO-Plk1) was not toxic to the control hepatocytes, L02, implying there might be few side effects when it was used as a drug.Figure 5Aptamer Apt-07S delivering ASODN-Plk1 to HepG~2~ cells as vehicles. (**A, B**) The secondary structures of Apt-07S and the integrated ssDNA (Apt-07S-ASO-Plk1). Obviously, the connection of ASODN-Plk1 did not destroy the secondary structure of Apt-07S. (**C**--**E**) \**P*\<0.05, \*\**P*\<0.01, group PBS (control, cells were only treated with PBS) VS other treatment groups, respectively; ●*P*\<0.05, ●●*P*\<0.01, ASO-Plk1 VS the integrated ssDNA (Apt-07S-ASO-Plk1). (**F**) The expression of protein PLK1 in L02, HepG~2~, and SMMC-7721. Cells were treated with PBS, ASO-Plk1, and the integrated ssDNA (Apt-07S-ASO-Plk1) respectively.

Western blotting was performed to determine the expression of protein PLK1. As shown in [Figure 5F](#F0005){ref-type="fig"}, ASODN-Plk1 had little influence on the protein expression of gene Plk1; however, the integrated ssDNA (Apt-07S-ASO-Plk1) decreased the expression of protein PLK1 to some extent, but no obvious difference was observed among the expression of PLK1 on L02 cells.

Discussion {#S0004}
==========

The aptamer can specifically bind to a variety of target molecules due to their specific three-dimensional (3D) structure formed by hairpin, internal loop, pseudoknot, bulge, and G-tetramer.[@CIT0035] Researchers preferred to develop RNA aptamers for their higher affinity and high diversity of 3D structure in the early stage.[@CIT0036]

However, RNA aptamers are easily degraded by RNase, which undoubtedly increases the difficulty of its screening and application.[@CIT0037] By contrast, it has been gradually realized that DNA aptamer is more incomparable in structural stability and thus receives more interest than RNA aptamer.[@CIT0038]

Gp30, the random ssDNA library used in this study, consists of a random sequence of 30nt in the middle with a diversity of approximately 10^13^--10^15^ random ssDNA. The increase in fluorescence intensity of the library and the appearance of mono-clones with high frequency indicated the enrichment of the ssDNA library. Unexpectedly, a few ssDNA sequences seem "truncated" for some unknown reason, the length of whose random sequences was shorter than 30nt as expected. To solve this problem, quite a few improvements were made, including changing PCR components, applying high-fidelity DNA polymerase, and adjusting the reaction parameters of PCR. However, similar phenomena of truncation appear. In addition, the candidate aptamer Apt-31S, with the highest abundance, could not recognize either of the two target hepatocellular cells ([Figure 2](#F0002){ref-type="fig"}). A few investigations have been conducted, and it is hypothesized that PCR amplification bias[@CIT0039] may decrease the efficiency of SELEX. During the process of PCR, a variety of ssDNA in the library could not be uniformly multiplied. The easily amplified candidate with a simple structure is more predominant while the enriched target binding candidate is a minority due to the complicated structure. Due to this, the "truncated" ssDNA might be some short simple ssDNA originally existing in the library, and rapidly multiplied because of their simplicity.

Despite the above problems, we successfully isolated an aptamer, Apt-07S, with double targets, which was unprecedented in previous work. In the present study, the selected aptamer could specifically recognize both of the target cell lines, HepG~2~ and SMMC-7721, with good affinity ([Figure 3](#F0003){ref-type="fig"}), the specificity of which was further confirmed by confocal imaging as shown in [Figure 4](#F0004){ref-type="fig"}. It is observed in [Figure 4](#F0004){ref-type="fig"} that the FAM-labeled Apt-07S is distributed both on the cell surface and in the cytoplasm, suggesting that Apt-07S could specifically recognize the target and enter the cancer cell. An anti-sense nucleotide (ASODN-Plk1) was connected to the 3ʹ end of Apt-07S to be an integrated ssDNA ([Figure 5B](#F0005){ref-type="fig"}). Generally, it is difficult for anti-sense nucleotide to enter the cells autonomously without the carrier of transfection reagent. Thus, ASODN-Plk1 in this study show little inhibition on the growth of cells. Compared with ASODN-Plk1, the integrated ssDNA (Apt-07S-ASO-Plk1) was superior in inhibiting the growth of target cells. It can be presumed that the structure of Apt-07S in the integrated ssDNA may help enhance the ability of the integrated ssDNA into cells and thus inhibit the cell growth and decrease the expression of protein PLK1. Further demonstrations are needed on the mechanism of the Apt-07S entering the cells and potential in delivering the anticancer drug.

The control and cure of liver cancer by traditional therapeutic methods have been a great challenge, due to their poor targeting, an inefficient delivery system for drugs, and severe side effects. Currently, aptamers have been applied to the study and development of a delivery system for anticancer drugs.[@CIT0040] The aptamer Apt-07S developed in this study can specifically recognize four kinds of HCC cell lines (HepG~2~, SMMC-7721, HCC-LM3, and Huh.7) but show no cell-binding ability to the normal hepatocyte L02 and normal breast cell HBL-100 ([Table 2](#T0002){ref-type="table"}), implying that it may reduce side effects and improve the local drug concentration due to its targeting property when applied in drug delivery systems. Further modifications and optimization on the structure of Apt-07S are still needed to enhance the intracellular stability and reduce its toxicity.

Conclusion {#S0005}
==========

We successfully developed an aptamer, Apt-07S, via cell-SELEX using two kinds of hepatocellular carcinoma cell lines, HepG~2~ and SMMC-7721. Apt-07S can recognize four kinds of hepatocellular carcinoma cells and shows little cell-binding ability to normal cells and four cell lines of different cancer types, revealing a high specificity for hepatocellular carcinoma cells. It was preliminarily verified that Apt-07S might be a targeting agent for the delivery of anticancer drugs.
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